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http:WHAT THIS PAPER ADDS
This experimental study explores the changes in abdominal metabolites during intra-abdominal hypertension
with organ dysfunction, with focus on decompression with subsequent reperfusion. Using microdialysis early
reactions in metabolite concentrations are observed, potentially useful as markers for effective abdominal
compartment syndrome treatment.Objective: The aim of this study was to investigate the abdominal metabolic response and circulatory changes
after decompression of intra-abdominal hypertension in a porcine model.
Methods: This was an experimental study with controls. Three-month-old domestic pigs of both sexes were
anesthetized and ventilated. Nine animals had a pneumoperitoneum-induced IAH of 30 mmHg for 6 hours.
Twelve animals had the same IAH for 4 hours followed by decompression, and were monitored for another 2
hours. Hemodynamics, including laser Doppler-measured mucosal blood ﬂow, urine output, and arterial blood
samples were analyzed every hour along with glucose, glycerol, lactate and pyruvate concentrations, and
lactateepyruvate (l/p) ratio, measured by microdialysis.
Results: Laser Doppler-measured mucosal blood ﬂow and urine output decreased with the induction of IAH and
showed a statistically signiﬁcant resolution after decompression. Both groups developed distinct metabolic
changes intraperitoneally on induction of IAH, including an increased l/p ratio, as signs of organ hypoperfusion. In
the decompression group the intraperitoneal l/p ratio normalized during the second decompression hour,
indicating partially restored perfusion.
Conclusion: Decompression after 4 hours of IAH results in an improved intestinal blood ﬂow and a normalized
intraperitoneal l/p ratio.
 2014 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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Abdominal compartment syndrome (ACS) after open repair
of ruptured aortic aneurysm was described by Fietsam et al.
in 1989;1 over the last 15 years the role of increased
abdominal pressure as a cause of postoperative complica-
tions and organ failure has become evident. ACS is now
deﬁned as sustained abdominal pressure >20 mmHg
associated with new organ dysfunction or failure, while the
term intra-abdominal hypertension (IAH) should be used
when organ dysfunction has not occurred.2
In a recent review, Carr has pointed out that the risk of ACS
can be predicted with known risk factors, and the condition
prevented.3 Early intervention is crucial and with limited
abdominal hypertension medical therapy or minimallyresponding author. P. Skoog, Department of Cardio-Thoracic and
r Surgery, Örebro University Hospital, SE-701 85 Örebro, Sweden.
il address: per.skoog@orebroll.se (P. Skoog).
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//dx.doi.org/10.1016/j.ejvs.2014.01.007invasive treatment may be sufﬁcient;4,5 in established ACS,
laparotomy to reduce the high pressure and further organ-
preserving measures seem to be the only effective and
life-saving treatment. However, it should be noted that
recurrent ACS may occur after decompressive laparotomy.6
Early diagnosis of increased intra-abdominal pressure
(IAP) with organ failure is thus central, requiring pressure
measurement, most commonly via the urinary bladder.7 The
abdominal perfusion pressure (APP) is deﬁned as the mean
arterial pressure (MAP) reduced by IAP. As the majority of
diagnostic tools for ACS only indirectly reﬂect organ
dysfunction, the decision to perform a laparotomy in a
critically ill patient is sometimes delicate.
In a clinical study utilizing microdialysis, we have
demonstrated that intra-abdominal metabolic derange-
ment, measured by microdialysis, occurs in patients devel-
oping IAH after repair of ruptured abdominal aortic
aneurysm (rAAA).8
Continuous monitoring may not only show deranged
metabolism in IAH or ACS, but possibly also restoration of
aerobic metabolism after treatment.
European Journal of Vascular and Endovascular Surgery Volume 47 Issue 4 p. 402e410 April/2014 403The aim of this study was to explore whether decom-
pression of IAH reverses the metabolic derangement as
evaluated by intra-abdominal microdialysis.
MATERIALS AND METHODS
Animals
This study was approved by the regional animal ethics
committee and carried out in accordance with the European
Convention for Protection of Vertebrate Animals used for
Experimental and Other Scientiﬁc Purposes,9 and good
practice in laboratory animal science.10 Twenty-one cross-
bred pigs of both sexes (Swedish country breed, Hampshire
and Yorkshire, mean weight 31 kg, range 26e35 kg) were
used in the study. The animals had free access to food and
water until the start of the experiment.Anesthesia, ventilation, and ﬂuid treatment
The anesthesia protocol has been published previously.11 In
brief, the animals were sedated at the farm at the start of
the day of the experiment. Intravenous (IV) general anes-
thesia was induced and maintained with propofol (8 mg/kg/
h IV, Diprivan; AstraZeneca, Södertälje, Sweden), and the
animals were intubated. To prevent hypercapnea due to
CO2 absorption from the abdomen, the animals were
slightly hyperventilated. Anesthetic depth was controlled
throughout the day by pain provocations. Ringer-Acetat
(3 mL/kg/h; Fresenius Kabi, Uppsala, Sweden) and a 2.5%
glucose solution (1.5 mL/kg/h; Fresenius Kabi) were used to
maintain ﬂuid balance. The animals were maintained at a
stable body temperature (data not shown). At the end of
the experiments, the animals were euthanized by an IV
bolus injection of propofol (200 mg) and pethidin (1 mg/kg),
and a rapid IV injection of potassium chloride (40 mmol).
Asystole was conﬁrmed with electrocardiography (ECG).
Throughout the experiments the animals were well anes-
thetized and without signs of pain.Surgical preparation and instrumentation
The surgical preparation and instrumentation has been
described previously.11 In brief, a midline laparotomy was
performed together with insertion of a catheter into the
carotid artery (Becton Dickinson Critical Care, Singapore) for
recording arterial blood pressure and heart rate, and for
arterial blood sampling. Microdialysis catheters (CMA 62;
CMA Microdialysis, Stockholm, Sweden) were inserted free-
ﬂoating intraperitoneally, in the jejunal wall, and in the
rectal wall via the anus. A urinary catheter for measurement
of urinary output and bladder pressure was inserted. A laser
Doppler probe (PM15; Perimed, Stockholm, Sweden) con-
nected to a laser Doppler device (Periﬂux System 5001;
Perimed, Järfälla, Sweden) was placed in the jejunum facing
the mucosa. Laparoscopic trocars were used to insufﬂate
gas and to correct the position of the probes and catheters
in the abdomen if required. ECG recording and pulse ox-
imetry were performed (Datex-Ohmeda AS/3; GE Health-
care Technologies, Waukesha, WI, USA).Experimental protocol and measurements
After preparation, an intervention-free hour followed to
obtain baseline data. Two experimental groups were
created. Nine animals were planned to be in each group,
but owing to catheter failure at jejunal and rectal levels in
the decompression group three extra animals were added.
Both groups had a CO2-pneumoperitoneum of 30 mmHg
induced. The IAH group had the pressure maintained for 6
hours, while the decompression group (IAH-D) was
decompressed after 4 hours and then followed for an
additional 2 hours. Baseline data and data at the end of
each of the 6 hours were recorded, including systemic
arterial blood pressure, heart rate, body temperature, IAP,
laser Doppler ﬂux, and urine output. Arterial blood samples
and microdialysis samples were also obtained at the same
timings.Microdialysis
The microdialysis technique has been described previ-
ously.11,12 In brief, the concentration of different tissue
metabolites is measured by this technique. The catheters
can be placed in tissues or be free-ﬂoating in the body
cavities. A physiologic solution (Perfusion ﬂuid T1; CMA,
Järfälla, Sweden) perfuses slowly (0.3 mL/minute) through a
double-lumen catheter with a semi-permeable dialysis
membrane (cut-off: 20,000 Dalton) at the tip, and equili-
bration over the membrane takes place. The microdialysate
is collected in microvials and analyzed by photo-
spectrometry. In this study, concentrations of glucose,
glycerol, lactate, and pyruvate were measured in a CMA 600
microdialysis analyser (CMA 600; CMA Microdialysis AB,
Järfälla, Sweden).Intestinal mucosal blood ﬂow
Mucosal blood ﬂow was measured by a laser Doppler
probe (PM15; Perimed, Järfälla, Sweden) sending a laser
beam of 780-nm wavelength.13 By the Doppler signal, an
estimation of red blood cell ﬂow in the jejunal mucosa was
obtained as “ﬂux”. Changes relative to baseline are
presented.Statistics
All data are presented with the mean and 95% conﬁdence
interval (CI). A linear mixed model for repeated measure-
ments was used for statistical analysis. Group, time, and
interaction were treated as independent variables using an
autoregressive correlation structure. Ninety-ﬁve percent CI
was calculated for every hour, but statistical analysis was
only performed at baseline, 4 hours, and 6 hours. Loga-
rithmic transformation of laser Doppler ﬂux, lactate,
lactateepyruvate (l/p) ratio, and glycerol was performed
owing to a known skewed distribution; results are pre-
sented as geometric means with asymmetric CIs. A p-value
of .05 was considered statistically signiﬁcant. SPSS version
17 (SPSS, Chicago, IL, USA) was used for statistical
calculations.
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Abdominal pressure and hemodynamics
Abdominal CO2 insufﬂation increased IAP to the required
level of approximately 30 mmHg in all animals. The pressure
was normalized after desufﬂation in the IAH-D group, while
it remained stable in the IAH group throughout the exper-
imental period. MAP increased (p < .001) at 4 hours in both
groups compared with baseline and was signiﬁcantly
decreased on decompression (p ¼ .05). On decompression,
APP increased in the IAH-D group (p ¼ .007). Heart rate
increased signiﬁcantly or near signiﬁcantly in the IAH
(p ¼ .001) and IAH-D (p ¼ .051) groups at induction of IAH
compared with baseline, and decreased on decompression
(p ¼ .001) (Table 1).si
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Intestinal blood ﬂow (IBF) measured as laser Doppler ﬂux
was determined to be 100% at baseline. At 4 hours of IAH,
the ﬂux had decreased in all animals compared with base-
line (p ¼ .001). Decompression increased IBF in the IAH-D
group in a within-group analysis (p ¼ .009) (Table 1).n
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Urine output was reduced (p ¼ .0001) after 4 hours in all
animals in the IAH group compared with baseline. At 6
hours compared with 4 hours, both groups had increased
urine output, but it was signiﬁcantly greater in the IAH-D
group (p ¼ .006) (Table 1).al
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Arterial oxygen partial pressure (PO2) did not differ be-
tween the groups and was stable throughout the course of
the experiment. Arterial CO2 partial pressure (PCO2)
increased during IAH compared with baseline, and the IAH-
D group showed a decrease after decompression (p ¼ .047).
Arterial pH decreased during IAH compared with baseline
and normalized after decompression (p < .001). The he-
matocrit increased during IAH compared with baseline, but
did not change signiﬁcantly after decompression. Serum
levels of glucose and lactate were unchanged over the
course of the experiment, although an increase in serum
lactate was seen in the IAH-D group as IAH was induced.
This increase leveled-off during the ﬁrst 4 hours (Table 2).Ta
b
le
1.
H
em
o
d
yn
am
ic
s,
in
tr
a-
ab
d
o
m
in
G
ro
u
p
H
ea
rt
ra
te
(b
ea
ts
/m
in
)
IA
H
IA
H
-D
M
A
P
(m
m
H
g)
IA
H
IA
H
-D
IA
P
(m
m
H
g)
IA
H
IA
H
-D
A
PP
(m
m
H
g)
IA
H
IA
H
-D
IB
F
(%
o
f
b
as
el
in
e)
IA
H
IA
H
-D
U
ri
n
e
o
u
tp
u
t
(m
l/
h
)
IA
H
IA
H
-D
N
ot
e.
D
at
a
ar
e
ex
p
re
ss
ed
as
m
ea
n
s
an
IB
F
¼
in
te
st
in
al
b
lo
o
d
ﬂ
o
w
m
ea
su
re
d
b
a
Si
gn
iﬁ
ca
n
t
d
if
fe
re
n
ce
b
et
w
ee
n
ti
m
e
p
b
St
at
is
ti
ca
lly
si
gn
iﬁ
ca
n
t
d
if
fe
re
n
ce
b
et
w
c
Si
gn
iﬁ
ca
n
t
d
if
fe
re
n
ce
b
et
w
ee
n
gr
o
u
p
sAbdominal metabolite concentrations
The intraperitoneal, intramural, and rectal glucose concen-
trations at 4 and 6 hours displayed some variation, but did
not decrease during IAH and did not change on decom-
pression (Fig. 1). The intraperitoneal glycerol concentrations
increased (p ¼ .001) during IAH compared with baseline.
The glycerol concentration did not change signiﬁcantly at
any site after decompression (Fig. 2). The intraperitoneal
and jejunal lactate concentrations did not increase during
IAH, while the corresponding rectal level increased
compared with baseline (p ¼ .001). Decompression did not
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not the intraperitoneal or jejunal, pyruvate concentration
increased during IAH compared with baseline (p ¼ .019). At
4 hours pyruvate was different between groups intraperi-
toneally. The intraperitoneal pyruvate concentration, how-
ever, increased at decompression in a within-group analysis
(p ¼ 0.012) (Fig. 4). The intraperitoneal l/p ratio was
increased at 4 hours compared with baseline (p ¼ .001) and
was lowered after decompression (p ¼ .004). Rectal and
jejunal l/p ratios were unaffected (Fig. 5).DISCUSSION
In this study the main ﬁndings were a reduced IBF and
reduced urine production, as well as increased MAP when
the animals were exposed to IAH. These results are in line
with previously published ﬁndings.14 Decompression after
4 hours gave rise to a decrease of the MAP, while the APP,
IBF and urinary output increased. The main metabolic
consequences of IAH were a signiﬁcant increase of the l/p
ratio and the glycerol concentration intraperitoneally. Af-
ter decompression, the intraperitoneal l/p ratio decreased
signiﬁcantly, while glycerol only showed a trend towards
reduction. Comparable data are sparse. Meier et al.15 and
Benninger et al.16 showed in experimental studies that
metabolic changes occurred in the rectus muscle and
abdominal organs when IAH was induced for 3 and 6
hours, respectively. Decompression did not resolve the
metabolic derangement completely within 2 hours in
those studies.15 Some clinical data can be extrapolated
from our prospective study on 16 patients after endo-
vascular repair of ruptured aortic aneurysm.8 Of six pa-
tients who developed increased abdominal pressure with
new organ failure requiring decompression and monitored
by intraperitoneal microdialysis, four had still usable
microdialysis catheters after decompression, and their l/p-
ratio tended to decrease as they improved clinically (un-
published data).
Recent advances in the management of ACS include the
searching for and validation of alternative treatments to the
gold standard, laparotomy. The World Society of the
Abdominal Compartment Syndrome Updated Guidelines
2013 recommend conservative treatments (grade 1C and 2C
evidence).17 Sedation and muscle relaxation of a patient
with elevated abdominal pressure in an intensive care
environment, together with induced defecation, adjusted
ﬂuid balance, and minimally invasive evacuation of ﬂuid or
blood in the abdomen is demonstrated to be a possible
treatment for ACS.5,18 These advances, together with better
awareness of ACS, may reduce the mortality rate after
ACS.19 To enable a better evaluation of metabolic conse-
quences and risk of organ failure, more sophisticated
diagnostic options are required. In clinical practice, one has
to rely on an indirectly determined abdominal pressure and
assessment of mainly renal function. Speciﬁcally, in regard
to the serious complication of colonic ischemia, intra- or
extraluminal colonic pH measurement (tonometry) after
open surgery for rAAA has been shown to be useful.20,21
Figure 1. Abdominal glucose concentrations. Data are expressed as means with 95% conﬁdence intervals.
Figure 2. Abdominal glycerol concentrations. Data are expressed as means with 95% conﬁdence intervals. Note. # Signiﬁcant difference
between groups at the actual time point. * Statistically signiﬁcant difference between baseline and hour 4 or between hours 4 and 6 within
groups. ¤ Signiﬁcant difference between time points, irrespective of group.
406 P. Skoog et al.
Figure 3. Abdominal lactate concentrations. Data are expressed as means with 95% conﬁdence intervals. Note. # Signiﬁcant difference
between groups at the actual time point. * Statistically signiﬁcant difference between baseline and hour 4 or between hours 4 and 6 within
groups. ¤ Signiﬁcant difference between time points, irrespective of group.
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healthy animals without underlying trauma, ﬂuid resusci-
tation, recent major surgery, and so on, when developing
IAH, does not fully reﬂect the clinical situation, it is
important to note that normalization of the abdominal
pressure in this study was able to restore organ function,
reﬂected metabolically as a decreased l/p ratio.
Determination of cell-near intraperitoneal metabolism by
microdialysis offers an opportunity to detect changes pre-
ceding organ failure in the splanchnic area. Peritoneal ac-
cess for catheter insertion is usually easy and minimally
invasive. Our results also point to a more reliable mea-
surement with a free-ﬂoating catheter in the peritoneal
cavity compared with intestinal wall measurements. The
rectal measurements are partly comparable to the intra-
peritoneal ones, but without statistically signiﬁcant changes
after decompression. It may be that the rectal catheters are
inserted with some variation as full control over the
placement is not achieved. This, together with potential
tissue hematoma, might be the reason why the intraperi-
toneal catheter better displays changes in abdominal
metabolism. Solligård et al.22 have, however, shown that
free luminal catheter microdialysis in the rectum is feasible
and clinically applicable.
Although only the intraperitoneal l/p ratio changed
signiﬁcantly after decompression, glycerol levels showed a
trend in the same direction. These ﬁndings, combined withthe fact that glucose levels did not decrease, do not point
towards complete ischemia as the main reason for organ
failure. Decreasing pyruvate during IAH and increasing py-
ruvate after decompression are the main reasons behind
the changed l/p ratio in this study and an earlier clinical
study;8 the lactate change is less pronounced. Therefore,
the change in l/p ratio is not interpreted as being connected
with the change in serum lactate in the IAH-D group. Of the
metabolites measured here, the l/p ratio is well known to
be the most sensitive marker of metabolic changes.
Therefore, it is in line with earlier research in that signiﬁcant
change was only seen in l/p ratio during the short post-
decompression period. A certain degree of hypoxia com-
bined with an inﬂammatory response seems to be a
reasonable explanation for the ﬁndings during IAH. At
decompression we have recorded metabolic improvement,
which speaks against any reperfusion damage, most likely
due to limited ischemia during IAH.
If the early resolution of the intraperitoneal l/p ratio after
decompression, shown in this study, is veriﬁed in further
experimental and clinical studies, the use of microdialysis
might add to clinical decision-making. Today, the diagnosis
of ACS can often be troublesome. Considering the very
challenging task of evaluating organ function during recur-
ring ACS and when urinary output is impaired owing to, for
example, hypotension, the need for direct markers of organ
function is obvious.
Figure 4. Abdominal pyruvate concentrations. Data are expressed as means with 95% conﬁdence intervals. Note. # Signiﬁcant difference
between groups at the actual time point. * Statistically signiﬁcant difference between baseline and hour 4 or between hours 4 and 6 within
groups. ¤ Signiﬁcant difference between time points, irrespective of group.
Figure 5. Abdominal lactateepyruvate ratios. Data are expressed as means with 95% conﬁdence intervals. Note. # Signiﬁcant difference
between groups at the actual time point. * Statistically signiﬁcant difference between baseline and hour 4 or between hours 4 and 6 within
groups. ¤ Signiﬁcant difference between time points, irrespective of group.
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during the experiment. The reason for the initial difference in
IBF between the groups is unclear, but perhaps caused by
differences in MAP between the groups. As this difference
was reduced at 4 hours it is not thought that there were any
metabolic consequences of interest for this study.
As in earlier studies,16 serum lactate was noted to in-
crease (only signiﬁcant in one group) as IAH was induced
and to decrease during the IAH period. Several studies have
described increased serum lactate in ACS patients, but there
is also evidence that serum lactate has limitations when
predicting organ dysfunction in IAH.LIMITATIONS
The use of CO2 pneumoperitoneum in experiments of this
kind may be a confounder, as the acidebase balance may
be affected. However, most experimental studies use this
method and data may therefore be comparable. Differences
in acidebase balance at baseline were noted. This gave rise
to a limited, but signiﬁcant, pH difference. This inequality
leveled-off during the ﬁrst 4 hours. Catheter failures were
recorded in the jejunal and rectal locations, causing some
data loss. We focused on early ﬁndings during the ﬁrst 2
hours following decompression.With longer follow-up more
extensive metabolic changes might have been recorded at
the rectal level as the change in pyruvate and l/p ratio was
relatively similar intraperitoneally and rectally. However,
our experience is that the data loss increases after 6 hours.
In this study, bolus doses of ﬂuid to compensate for the
circulatory effects of IAH and decompression were not
included, which probably had an impact on the circulatory
ﬁndings in the IAH-D group during the last 2 hours. In future
studies, a model with pathophysiological alterations causing
IAH (i.e., ischemia, hemorrhage), and compensatory ﬂuid
treatment, as in the clinical setting, would be important
improvements.CONCLUSIONS
Determination of intra-abdominal metabolism by micro-
dialysis, using a free-ﬂoating intraperitoneal catheter,
showed restoration of the l/p ratio after decompression of
IAH, and a corresponding increase of the splanchnic blood
ﬂow. Further studies are required for better understanding
and evaluation of, to what extent the method is useful in
the clinical setting.
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